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Abstract
A Study on
Conformal Antenna Solutions for Cube Satellites
by
Maryam Jamali, Master of Science
Utah State University, 2012
Major Professor: Dr. Reyhan Baktur
Department: Electrical and Computer Engineering
This master’s thesis presents a study on a slot and microstrip patch as the two main
types of antennas for the use on Cube Satellite (CubeSat). A study on the fundamentals
of the slot antenna is researched and a circularly polarized (CPd) cavity-backed cross slot
antenna and its two-element array for the CubeSat are designed and fabricated. Fabricated
two-element phased array cross slot antenna has higher radiation gain and steered radiation
pattern compared to the fabricated single cross slot antenna. A CPd square microstrip patch
antenna for the application of the CubeSat is designed and compared with a commercial
CPd microstrip patch antenna. It is concluded that our designed microstrip patch antenna
has a better performance compared to the commercial one. The last part of the research
focuses on the design of miniaturized slot antennas for the CubeSat working at an ultra high
frequency (UHF) band. The different techniques and challenges that we face through the
miniaturization are articulated throughout the research and expanded upon in this thesis.
The antenna simulations were performed using Ansoft High Frequency System Simula-
tor (HFSS) and the final designs for the CPd cavity-backed single and two-element cross slot
antennas and CPd microstrip patch antenna were fabricated using a circuit board milling
iv
machine. These were then measured inside an anechoic chamber for the radiation pattern.
Both antennas had high radiation gain and good CPd radiation quality.
(90 pages)
vPublic Abstract
A Study on
Conformal Antenna Solutions for Cube Satellites
by
Maryam Jamali, Master of Science
Utah State University, 2012
Major Professor: Dr. Reyhan Baktur
Department: Electrical and Computer Engineering
This master’s thesis presents a study on two types of conformal antennas for the use
on cube satellites (CubeSats). The two antenna solutions are including slot and microstrip
patch antennas. CubeSats have been one of the most important vehicles for space explo-
ration due to their small sizes and very low payload. At the same time, a challenge rises
when allocating extremely limited surface real estate to space instrument, solar cells, and
antennas. The most effective solution for such a challenge is to design antennas such that
they do not block solar cells or compete for space with solar cells. Accordingly, antennas
with slot geometry is an effective solution because slot antennas can be places around solar
cells and the slots are narrow enough to be fit into the spaces between solar cells. This
thesis presents detailed studies of slot antennas with different frequencies, single and array
configurations. Circular polarization is a favored character for satellite antennas used and
it requires specific antenna geometry together with appropriate feeding network design. De-
sign of circularly polarized slot antennas in single and array configurations is one of the main
objectives of this thesis research. In order to compare the performance of a slot a patch
antenna, a patch with the same polarization and operational frequency has been designed.
It shows that if integration with solar cells is not the restriction, then a patch antenna is a
vi
more effective solution. When patch antenna is employed, however, the antenna can only
be placed under the satellite where the surface does not need to place solar cells. The other
objective of this study is designing circularly polarized antenna for CubeSat working at
an ultra high frequency (UHF) band. As the frequency decreases, the size of the antenna
increases, and this requires us to use different miniaturization techniques for the antenna.
Some applicable miniaturization techniques and their challenges are addressed in this thesis.
vii
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who all mean the world to me...
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1Chapter 1
Introduction
A CubeSat, a 10 cm × 10 cm × 10 cm cube, in a category of small satellites is one of
the most fitting devices for space communication due to its small size, low payload, and
capability of collecting the data from multiple points [1]. Satellites with less than 500 kg
wet mass (including fuel) are called small satellites. A 2U sat (10 cm× 10 cm× 20 cm) and
a 3U sat (10 cm× 10 cm× 30 cm) that have a volume of twice and three times the CubeSat
respectively, are the other two types of small satellites which are used in space. Looking
for possible antennas to be mounted on the CubeSat’s limited surface area and not to be
affected by solar cells coverage has led to the noteworthy research on the slot antennas,
microstrip patch, and meshed patch antennas. Both slot and microstrip patch antennas are
simple, low-profile, inexpensive, and mechanically robust, which makes them suitable for
use on satellites, spacecraft, aircraft, and mobile communication devices [2]. However, slot
antennas have the advantage of not occupying a large area on the limited surface area over
the patch antennas.
Unidirectional radiation is required in order to have more directivity (directivity of
antenna is defined as the ratio of the radiation intensity in a given direction from the antenna
to the radiation intensity averaged over all directions. Also maximum gain of antenna is
defined as the ratio of maximum directivity of antenna divided by antenna efficiency [2]);
it can be produced by placing a cavity or a reflector on the back side of the antenna.
Another advantage of using a cavity on the back side of the antenna is that it increases
the efficiency of the antenna [2]. The cavity can annihilate the surface waves which are
caused by increasing the thickness of the substrate for the purpose of antenna bandwidth
enhancement. The surface waves degrade the antenna’s radiation pattern by extracting
power from the total available power for radiation. They travel within the substrate and
2they are scattered at bends and surface discontinuities. By using a cavity these surface
waves can be eliminated while keeping a large bandwidth [2].
Circular polarization (CP) is a favored polarization for antennas used for satellite com-
munication. In a circularly polarized (CPd) antenna, the electric field varies in two orthog-
onal planes (X-direction and Y-direction) with the same magnitude and a 90 degree phase
difference. The quality of the CP is commonly quantified and expressed as the axial ratio
(AR). For a perfect CP the ideal AR value is 0 dB, but usually a 3 dB AR is sufficient
for most applications. Another method for judging the quality of CP is using co-polar and
cross-polar radiation patterns. The co-polar radiation pattern is the radiation pattern of
the desired polarization and the cross-polar radiation pattern is the radiation pattern of
the undesired opposite polarization [2]. The minimum difference of 15 dB between co-polar
and cross-polar components in the direction of maximum directivity is acceptable for an
antenna to be considered as a CPd antenna.
Square-shaped slots, cross slots, and circular-shaped slots are structures which can be
CPd radiators when an appropriate feed for excitation is chosen [3–5]. Microstrip line,
stripline, coplanar waveguide (CPW), and coaxial probe feed are four different types of
feeding method for slot antennas [2]. A microstrip line, a conductor with specific width
printed on a thin grounded dielectric substrate, is a dispersive transmission line, which
means that signals with different frequencies travel with different speeds on it [6]. A mi-
crostrip line cannot support a pure transverse electromagnetic (TEM) field because some
of its field lines are in the dielectric region and some are in the air [6]; therefore, they have
different phase velocities. A stripline, a thin conducting strip with a specific width placed
between two wide conductive ground planes with their entire region filled with a dielectric,
is a TEM transmission line and is non-dispersive and has no cut-off frequency [6]. CPW
has the advantage of lower radiation loss and lower dispersion which makes it more suitable
for an array antenna [7], but it has lower effective permittivity compared to the stripline
since part of its field is in the air [6]. Exciting the antenna with the coaxial probe feed is
easy to fabricate and match but it has a narrow impedance bandwidth [2].
3Parts of our objectives in this research were designing CPd slot and patch antennas for
the 1U CubeSat to have resonant frequencies in S-band (2 GHz-4 GHz). To have better
understanding of slot antennas we studied the effect of the geometry of a slot antenna and
a CPd cavity-backed cross slot on their radiation characteristics, which are discussed in the
second chapter of this thesis. We chose a cavity-backed cross slot antenna because cross
slot has a capability of being CPd antenna, if an appropriate feeding method is designed
for it. To the best of my knowledge, there has not been performed many studies on CPd
cavity-backed cross slot antennas. Design and fabrication procedures for a CPd cavity-
backed cross slot antenna fed with a stripline and its two-element array for the CubeSat are
presented in the third chapter. As the other appropriate antenna for CubeSat, we designed
a CPd square patch antenna. Although patch antennas are not optimal when been placed
on the solar panel, they can be placed on the bottom side of the CubeSat depending on
missions and communication requirements. Design and fabrication procedures for a CPd
patch antenna for the CubeSat are explained and its performance is compared with the
CPd cavity-backed cross slot and a commercial CPd patch antenna in the fourth chapter.
The other part of our objectives was designing CPd UHF slot antennas for two different
orientations of the 3U CubeSat in orbit to have resonant frequencies near 350 MHz. The
UHF band includes frequencies of electromagnetic waves in the range of 300MHz - 3GHz
and a free space wavelength in the range of 1 m - 10 cm, respectively [2]. The design of
antennas working at low frequencies for satellite communication is a subject of interest be-
cause electromagnetic waves face lower atmospheric loss in space for the lower frequencies or
in other words for higher wavelengths. Therefore, the size of the antenna, which has a rela-
tion to the wavelength, should be increased, but due to the bounded plane, miniaturization
techniques have to be considered to reduce the required area for the antenna. Decreasing
the size of the antenna deteriorates its efficiency, impedance bandwidth and AR [8, 9]. By
understanding the fundamentals of how a slot antenna works, some research in communica-
tion system areas have been done to improve the antenna’s radiation characteristics, such
as bandwidth and efficiency while miniaturization is a main concern [10–12].
4The challenge of the design of the UHF band antenna including the slot antenna for the
CubeSat is how to miniaturize the antenna on such a limited surface area while expecting
reasonable antenna gain and CPd radiation. So far, only a few studies have been done on
designing the miniaturized UHF band antennas [12,13]. Usually, reported antenna gain for
the miniaturized UHF band antennas is less than 2 dB. The objective of this work is to
provide an antenna design with high gain, CP, small size and conformal to the CubeSat
Surface. A study on high-gain CPd UHF slot antennas for two different orientations of
the 3U sat in orbit is presented in the fifth chapter. Finally, possible future studies are
addressed in the sixth chapter.
5Chapter 2
Investigation of the Effect of the Geometry of the Slot and
Cavity-Backed Slot Antennas
2.1 Introduction
The fact that a slot antenna on an infinite ground plane is a complement of the dipole
antenna was brought up by H.G. Booker [14]. The slot antenna is a magnetic dipole
antenna. Compared with the electric dipole antenna, the polarization of the slot is rotated
by 90 degrees and the E-plane and H-plane are swapped [14]. Therefore, unlike the dipole
antenna, if a slot is vertical, its polarization is horizontal, and if it is horizontal, it thus
results that the polarization will be vertical. Electric current has its maximum amplitude
at both of the slot’s edges and is zero at the center of the slot [14]. Electric voltage is also
at maximum magnitude at the center and is zero at the edges of the slot. Both voltage and
current distributions are continuous and sinusoidal, so the impedance is continuous and it
increases from zero at the slot’s edges to its maximum value at the center of the slot [14].
Although the length of the slot is half of a wavelength, it does not necessarily mean a
slot on a ground plane with air as the antenna’s dielectric can resonate at a frequency
corresponding to its length. If the size of the ground plane compared to the slot length
is not large enough, the slot cannot radiate at the expected frequency with the expected
bandwidth and efficiency [15].
2.2 Effect of the Slot Width on the Antenna’s Radiation Characteristics
For a slot on a ground plane shown in Fig. 2.1, simulations were performed to see the
effect of the slot width and its ground plane size on impedance bandwidth and directivity. A
50Ω coaxial cable was used to excite the slot. Initial dimensions for the slot length and width
are 390mm and 2mm, respectively. The initial ground plane size is 500mm× 200mm. It
6is expected that this slot antenna resonates around 370MHz. The bi-directional radiation
pattern of this slot is shown in Fig. 2.2. In the first experiment, all dimensions are fixed
except for the slot width. The results in Table 2.1 show that the impedance bandwidth
improves by increasing the slot width as expected. Increasing the size of antenna improves
the bandwidth [9]. Increasing the width decreases the directivity since the size of the ground
plane compared to the size of the slot decreases gradually. Because of the limited space in
Table 2.1, W is used for the slot width, F for the resonant frequency, BW for the fractional
impedance bandwidth, and D for the directivity.
 
Fig. 2.1: Slot antenna.
 
Fig. 2.2: 3-D radiation pattern of the slot antenna.
72.3 Effect of the Ground Plane Dimension on Antenna’s Radiation Character-
istics
To study the effect of the ground plane size we divided the approach into three different
simulations. First, we changed the ground size in a direction, which is in parallel with
the slot length (X-direction); second, in a direction perpendicular to the slot length (Y-
direction); and third, we increased both sides with the same percentage. When the ground
size in the X-direction is increased, the resonant frequency and directivity are both slightly
increased and the bandwidth is slightly decreased (Table 2.2). A larger ground plane is
a better reflector, which can improve the directivity. However, the reason for reduction
in the bandwidth and increase in the frequency is unclear by the time that this thesis is
finished. However, these can be subjects of future studies. In Table 2.2, GX is used for the
ground size in X-direction and other abbreviations are the same as what were explained for
Table 2.1.
Increase in the ground size in the Y-direction increases the impedance bandwidth and
slightly decreases the resonant frequency and directivity (Table 2.3). It is expected that
enlarging the ground improves the bandwidth and reduces the resonant frequency because
currents can circulate around the slot more freely. Although the reduction in the directivity
caused by the increase in the ground size in the Y-direction is not significant, its reason at
the time that this research is done is unclear and can be a subject for future studies. In
this table, GY is used for the ground size in the Y-direction and other abbreviations are
the same as what were explained for Table 2.1.
For the last simulations, both ground dimensions (200mm×500mm) were increased by
10%, 20% and less than 30% to 220mm×550mm, 240mm×600mm, and 260mm×650mm,
respectively. The results are shown in Table 2.4. In this table, G is used for the ground
dimensions and other abbreviations are the same as what were explained for Table 2.1.
As it is expected, enlarging the ground size decreases the resonant frequency slightly.
Also, the directivity and bandwidth both should be improved. This is because of the fact
that on a limited ground plane, the electric currents cannot circulate around the slot freely
8and as a result the antenna cannot radiate efficiently. Also, a larger ground plane acts as
a larger reflector, which can be another reason for improving the directivity. On a larger
ground plane the effective wavelength of the electric currents increases, which causes the
frequency reduction.
Table 2.1: Effect of the slot width on the impedance bandwidth.
W (mm) F (MHz) BW (%) D (dB)
2 378 1.3 5.73
4 377 4.2 5.61
6 376 5.3 5.57
8 378 6.03 5.35
10 374 6.1 5.17
Table 2.2: Effect of changing the ground size in X-direction on antenna’s radiation charac-
teristics.
GX (mm) F (MHz) BW (%) D (dB)
480 372 4.3 5.42
520 377 4.37 5.59
560 378.5 3.9 6.04
600 379 3.4 6.17
Table 2.3: Effect of changing the ground size in Y-direction on antenna’s radiation charac-
teristics.
GY (mm) F (MHz) BW (%) D (dB)
200 378 4.1 5.55
220 375 6.9 5.45
240 372 9.4 5.41
260 370 10.2 5.22
280 369 13 5.12
Table 2.4: Effect of the increase in the ground size on antenna’s radiation characteristics.
G (mm) F (MHz) BW (%) D (dB)
200× 500 378 4.1 5.55
220× 550 376 6.9 5.91
240× 600 375 8 5.95
260× 650 375 9.06 6.19
92.4 Effect of Changing the Dimensions of the Cavity and the Ground Plane of
a Cavity-Backed Cross Slot on Antenna’s Radiation Characteristics
For many purposes, we want the antenna to radiate only in one direction. Similar to
the dipole, slot has a bi-directional radiation. To have unidirectional radiation, a cavity
has to be placed on one side of the antenna, which acts like a reflector and suppress the
backward radiation. The other advantage of the cavity is eliminating surface waves, which
decrease antenna power and efficiency for their radiation [2]. We did another study for the
cavity-backed cross slot antenna and for a fixed slot length, to see which dimension has an
effect on the resonant frequency. We chose the cavity-backed cross slot antenna shown in
Fig. 2.3 for the study. Each slot has 42 mm length and 2 mm width. The cavity is made
from metal and the inside of the cavity is filled with a dielectric with relative permittivity
of 4.3 and dielectric loss tangent of 0.004. The cross slot antenna is fed with a question
mark shape stripline feed sandwiched between two substrates. This feed shape was chosen
because of achieving CP and this will be discussed in the next chapter. Each dielectric
substrate has 1.524mm thickness. One of the substrates is inside the cavity and the other
is attached to the ground plane, where the cross slot is etched away. The uni-directional
radiation pattern of the cavity-backed slot antenna is shown in Fig. 2.4.
To see the effect of the ground we fixed the dimensions of the cavity to 63mm×63mm
and we changed the size of the ground plane. The results indicate that changing the ground
almost does not change the frequency, AR and 3 dB AR bandwidth. It is clear that the
size of the ground does not affect radiation so much and this is a desirable property for
mobile communication system applications [16]. The results are shown in Table 2.5 and
new abbreviations in this table are AR-BW for the 3 dB AR bandwidth and RL for the
return loss.
In the second study, the ground dimensions were fixed at 100 mm × 100 mm but
we changed the dimensions of the cavity behind the cross slot antenna. Decreasing the
size of the cavity increases the resonant frequency, efficiency, gain, impedance bandwidth,
and AR bandwidth. However, the AR value could be kept almost constant by adjusting
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Fig. 2.3: Cavity-backed cross slot antenna.
 
Fig. 2.4: 3-D radiation pattern of the cavity-backed slot antenna.
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the position and dimensions of the feed. The resonant frequency is increased because the
electric currents are confined in a smaller area. Radiation gain and efficiency are increased
because in a smaller cavity currents face less dielectric loss. Decreasing the size of the cavity
results in the increase in the impedance bandwidth. The effective ground area is determined
by the cavity size. Multiple resonances in adjacent frequency regions can be excited on a
smaller ground size, which can be a reason for observing an increase in the bandwidth.
The results are shown in Table 2.6. In this table new abbreviations are C for the cavity
dimensions, RG for the radiation gain, and E for the radiation efficiency.
Table 2.5: Effect of increasing size of the ground plane on the cavity-backed cross slot
antenna’s radiation characteristics.
G (mm) F (MHz) AR (dB) AR-BW (MHz) RL (dB)
70× 70 3.48 0.8 25 -10.8
80× 80 3.47 0.5 28 -12
90× 90 3.48 0.5 28 -13
100× 100 3.48 0.3 28 -12
Table 2.6: Effect of decreasing size of the cavity on the cavity-backed cross slot antenna’s
radiation characteristics.
C (mm) F (MHz) AR (dB) AR-BW (MHz) BW (MHz) RG (dB) E (%)
83× 83 2.77 2 12 54.5 4.65 60
78× 78 2.91 0.6 19 85 5.69 72
68× 68 3.3 0.5 25 98 5.68 77
63× 63 3.48 0.6 28 115 5.83 81
12
Chapter 3
Design and Fabrication of Circularly Polarized
Cavity-Backed Cross Slot Antennas: Single and Array
Configurations
3.1 Introduction
As mentioned before, a slot antenna is a linearly polarized antenna; therefore, we
have to find some techniques for designing appropriate antenna and feed geometries for
the CPd radiation. Wong et al. have designed two square and circular printed ring CPd
slot antennas [5]. Both circular and square ring slot antennas are excited with a 50 − Ω
microstrip feed line at an angle of 45 degrees regarding the horizontal axis, and symmetry
in both structures is disfigured by protruding one meandered slot section at 45 degrees away
from the feed line to excite two electric field components with a phase shift for achieving
CP.
The short-circuiting technique was first introduced by Morishita et al. [17]. By short
circuiting one point of an annular slot which is 90 degrees away from the feed point, magnetic
current distribution changes, which results in achieving CP radiation. This technique was
later used by Shi et al. for three different configurations of the cavity-backed slot antennas
such as single square loop, two-element square loop and two-arm square spiral slot antennas
[18]. In all three structures, the AR varies with the position of the short-circuiting point
and the lowest value can be found by moving the short-circuiting point along the slots. A
square-ring slot antenna in which its two orthogonal sides are excited with a series microstrip
line feed can radiate CP waves [3].
A CP can also be achieved if the proper feeding configuration is used for four slot
antennas such that these slots form a square shape and the feed network is designed to
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excite these four slots with the same magnitude but different phases of 0 degrees, 90 degrees,
180 degrees, and 270 degrees [19–21].
The cavity-backed cross slot with stripline feed had been designed before [1], but for
CP radiation its AR needs to be improved. In this chapter we discuss and compare different
designs of the CP cross slot antennas excited by single coaxial feed and stripline feed. Also,
fabrication results of the designed CPd cavity-backed cross slot antenna and its two-element
array fed by stripline will be compared to their simulation results.
3.2 Circularly Polarized Cavity-Backed Cross Slot Antenna with a Coaxial
Feed
For all the single cross slot antennas we chose the ground dimensions to be fitted on
a 1U CubeSat. However, to show the effect of the cavity size we also designed the cross
slot antenna with a coaxial feed on a ground with the size of 5% larger than a 1U CubeSat
size. For all slot antennas, ground and cavity have the same size. We set out to design
the slot antennas to resonate between 2.4 GHz and 2.4835 GHz frequency band. It has
to be mentioned that the size of the cavity has an effect on the input impedance [4]. If
the cavity is too small, the input impedance will be too low because the slot is shorted;
and if the cavity is too large, lots of radiating modes will be excited in it and the input
impedance varies with frequency too fast, and as a consequence it is hard to match the
frequency between two resonating modes.
3.2.1 Circularly Polarized Cavity-Backed Cross Slot Antenna with a Coaxial
Feed on the Ground Size of 105 mm×105 mm
First we bring up the design of a cross slot antenna on the ground with a size of
105mm× 105mm which is a little bit larger than the 1U CubeSat surface area and there
is a cavity placed behind it with the same size of the ground and depth of 3.048 mm. For a
dielectric inside the cavity we chose two substrates of RO4003C from Rogers Corporation
[22] with 3.55 and 0.0027 as its dielectric constant and dielectric loss tangent, respectively.
The cross slot is etched on the ground surface and fed with a 50−Ω coaxial probe connected
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to the ground surface. Both slots have 2 mm width, but they have different lengths of
43mm and 46.5mm. After performing many simulations and looking to the electric current
distribution we found that if both slots have equal length, a 90 degree phase shift for
CPd radiation cannot be produced. Also, the fact that slots should have different lengths,
is mentioned by Sievenpiper et al. [4]. The ground and cavity for generating the same
magnitude for phi-component and theta-component of the electric field must have the square
shape or circular shape. The difference between the lengths of the slots causes both of them
resonate at two adjacent frequencies which also improves the impedance bandwidth. The
antenna structure is shown in Fig. 3.1. Position of the probe feed should be found by
searching around the cross slot where we have the lowest AR value and return loss of better
than −10 dB(Voltage Standing Wave Ratio (VSWR)<2). This antenna has VSWR<2
between the frequencies of 2.416GHz and 2.48GHz and has the lowest 0.5dB AR value at
2.46GHz shown in Fig. 3.2 and Fig. 3.3, respectively. The fractional impedance bandwidth
is about 2.6%. Antenna has the 3dB-CP bandwidth of 10MHz and the maximum radiation
gain of 5.83 dB; the 3-D radiation pattern of the antenna is shown in Fig. 3.4.
 
Fig. 3.1: CPd cavity-backed cross slot antenna fed with a coaxial probe.
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Fig. 3.2: Return loss of the cavity-backed cross slot antenna fed with a coaxial probe.
 
Fig. 3.3: AR of the cavity-backed cross slot antenna fed with a coaxial probe.
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Fig. 3.4: 3-D radiation pattern of the cavity-backed cross slot antenna fed with a coaxial
probe.
3.2.2 Circularly Polarized Cavity-Backed Cross Slot Antenna with a Coaxial
Feed on the Ground Size of 100 mm×100 mm
In this design the dielectric’s specifications and cavity depth are the same as the pre-
vious design but this time the cross slot is etched on the ground backed by a cavity with
the dimensions of 100mm× 100mm. Because the dimensions of the cavity are reduced by
5% although the slots’ lengths are the same as the previous design, the frequency increased
to 2.57 GHz. Hence, we increased the lengths of the slots to 66.8 mm and 55.5 mm to
resonate in the frequency band of our interest while the CPd radiation is a main concern.
By performing several parametric studies to find the best position of the probe feed, we
achieved the lowest AR value of 1.8 dB at 2.47 GHz. For better understanding the effect
of the different dimensions of the two designs, the results are compared in Table 3.1. In
this table, G is used for the ground dimensions, F for the resonant frequency which has
the lowest AR value, BW for the fractional impedance bandwidth, AR-BW for the 3 dB
AR bandwidth, and RG for the radiation gain at this resonant frequency. It is observed
that by decreasing the cavity size, the impedance bandwidth is reduced and the AR value
is increased. Both are because of the fact that the currents around larger slots on a smaller
ground cannot circulate freely compared to the previous design which we had smaller slots
on a larger ground. The only improvement caused by reducing the dimensions of the cavity
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Table 3.1: Effect of the cavity size on the CPd cavity-backed probe-fed cross slot antenna’s
radiation characteristics.
G (mm) F (GHz) BW (%) AR (dB) AR-BW (%) RG (dB)
105× 105 2.46 2.6 0.5 0.4 5.83
100× 100 2.47 1.53 1.8 0.32 6.41
is related to the lower dielectric loss in the smaller cavity which also was mentioned in the
previous chapter.
3.3 Circularly Polarized Cavity-Backed Stripline-Fed Cross Slot Antenna
3.3.1 Design and Simulation Results
To achieve the CPd radiation for the cavity-backed cross slot we chose stripline feed
to excite the antenna. In this design, similarly to the previous design, the cavity is filled
with two layers of RO4003C with a total thickness of 3.048mm for the antenna’s dielectric.
The ground is square of 100 mm × 100 mm and crossed slots each with 60 mm length are
etched on it to resonate at the frequency in our frequency range of interest. We simulated
structures once for the slot with 2 mm width and once for 1 mm width to compare their
performances. A 1mm-width stripline feed has a question mark shape and is placed between
two substrates in the cavity. The feed shown in Fig. 3.5 has four sections and the length
of each section has to be optimized to achieve the CP while antenna is matched, and this
causes the design to have a very time consuming procedure. Three edges of stripline feed
are tapered to have minimum reflection and maximum transmission. The slot antenna with
2 mm width shown in Fig. 3.6 has a VSWR<2 in the frequency range of 2.412 GHz to
2.474GHz and has the lowest AR value of 0.2 dB at 2.46GHz.
As mentioned above, we also designed a 1 mm-width cross slot antenna and we chose
this structure for fabrication. It was expected that narrowing the slot would decrease the
bandwidth. The return loss of the 1 mm-width cross slot antenna is shown in Fig. 3.7.
Truncating the length of last section of feed by 1.5 mm, which is parallel with Y-axis,
was the only adjustment we made to achieve the CP for the narrower slot. The difference
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Fig. 3.5: Stripline feed.
 
Fig. 3.6: Front view of the cavity-backed stripline-fed cross slot antenna.
between the co-polar and cross-polar components of the radiation pattern at a frequency
of 2.42 GHz in the E-plane (Fig. 3.8) and the co-polar and cross-polar components of the
radiation pattern in the H-plane (Fig. 3.9) shows that the antenna has CPd radiation at this
frequency. Simulation results of both antennas could be found and compared in Table 3.2.
In this table, W is used for the slot width and other abbreviations are the same as what
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were explained for Table 3.1. If we compare both cross slot antennas fed with a stripline
and fed with a single probe feed with the same cavity size and slot width (each is shown in
Table 3.1 and Table 3.2), we notice the overall improvement for the antenna when it is fed
with a stripline and that is because of the better excitation with the stripline feed.
3.3.2 Fabrication Procedures and Results
We used a circuit board milling machine to fabricate our antennas. As explained in the
previous section, we used two dielectric substrates. The stripline feed is etched on one side
of one of the substrates and is placed between both substrates. When we measured return
loss of the antenna with a network analyzer we noticed a large resonant frequency shift
compared to our simulation. The center resonant frequency of the fabricated slot antenna
was 2.63GHz, and as we expected the AR value was not acceptable at this frequency.
 
Fig. 3.7: Return loss of the cavity-backed stripline-fed cross slot antenna.
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Co-Polar                                          Cross-Polar 
Fig. 3.8: Co-polar and cross-polar components of the radiation pattern in E-plane at
2.42GHz.  
 
Co-Polar                                          Cross-Polar 
Fig. 3.9: Co-polar and cross-polar components of the radiation pattern in H-plane at
2.42GHz.
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Table 3.2: Radiation characteristics of the stripline-fed cavity-backed cross slot antenna
with different slot width.
W (mm) F (GHz) BW (%) AR (dB) AR-BW (%) RG (dB)
2 2.46 2.54 0.2 0.7 5.78
1 2.42 2.4 0.6 0.61 5.82
This frequency shift was because of the air gap between two substrates and when we
simulated the antenna with the measured air gap between two substrates, simulation results
confirmed this frequency shift. To reduce the air gap between dielectric layers we considered
fabrication of the second prototype using a few bolts and nuts to attach the two substrates
firmly together with more pressure. We simulated the structure with the bolts and nuts
to see whether adding these could change antenna’s radiation characteristics or not. The
simulation results showed if we use the metal bolts and nuts they cause frequency shift but
non-metal bolts and nuts do not change the antenna performance. The fabricated antenna
with thin plastic bolts and nuts shown in Fig. 3.10 resonates at the center frequency of
2.47 GHz and has a return loss of better than −10 dB in the frequency band between
2.445 GHz and 2.509 GHz with the fractional impedance bandwidth of 2.59%. Measured
return loss and simulated return loss are compared in Fig. 3.11. We used NSI near field
range [23] to measure the radiation pattern of the antenna inside an anechoic chamber.
The antenna has maximum gain of 5.5 dB at a frequency of 2.48 GHz. By observing
the measured co-polar and cross-polar components of the radiation pattern in the E-plane
(Fig. 3.12) and the co-polar and cross-polar components of the radiation pattern in the
H-plane (Fig. 3.13) at a frequency of 2.48 GHz, we can calculate the AR value in dB
by considering the difference between these two values as d using (3.1). Our antenna is a
left-hand CPd and has a minimum AR value of 1.66dB. Measured AR is shown in Fig. 3.14.
AR (dB) = 20 log
((
1 + 10d/20
)
/
(
1− 10d/20
))
(3.1)
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Fig. 3.10: Fabricated CPd cavity-backed stripline-fed cross slot antenna.
 
 
 
 
 
 
 
Simulation              
Measurement 
Fig. 3.11: Simulated and measured return loss of the cross slot antenna.
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 Co-Polar                                          Cross-Polar 
Fig. 3.12: Measured co-polar and cross-polar components of the radiation pattern in E-plane
at 2.48GHz.  
 
Co-Polar                                          Cross-Polar 
Fig. 3.13: Measured co-polar and cross-polar components of the radiation pattern in H-plane
at 2.48GHz.
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Fig. 3.14: Measured AR of the fabricated cross slot antenna.
3.4 Circularly Polarized Cavity-Backed Stripline-Fed Cross Slot Antenna Ar-
ray
3.4.1 Design and Simulation Results
To enhance the radiation gain and to steer radiation pattern of the antenna in the
desired direction we designed the CPd phased array cross slot antenna shown in Fig. 3.15.
Similarly to the cross slot antenna discussed in the previous sections, this array is also a
cavity-backed stripline-fed two-element cross slot antenna designed for a 2U CubeSat surface
area. The CP can be achieved if individual elements were fed with a phase shift of multiples
of 90 degrees [19, 24]. Like the single cross slot antenna, we made two designs of the array
with 1 mm and 2 mm slot widths and their simulation results are compared in Table 3.3.
The abbreviation in this table is the same as what we used in Table 3.2. It is obvious that
the wider array has larger impedance and 3 dB AR bandwidth. The ground size compared
to the cross slots is not large enough; therefore, two slots are too close to each other.
So in order to get the antenna to resonate in our frequency band of interest we have
to increase the length of slots to 74mm. To match the antenna with 50− Ω coaxial probe
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Fig. 3.15: Two-element cross slot antenna array.
we used a T-junction where the coaxial probe connects to the stripline feed. For the slot
antenna with 2 mm width, the wide part of the stripline feed has 3.5 mm width, and the
two narrow branches have 0.5 mm width. These mentioned dimensions for the width of
the stripline feed would be double for the slot with 1 mm width. To apply the phase shift
between two elements we used a line phase shifter. The difference between the lengths of
the two feeds is 100mm, which in terms of the phase shift between two elements is a little
bit more than 270 degrees. To achieve the CP, the lengths of the different sections of both
feeds need to be adjusted even though both feeds have the same dimensions.
Simulations results show that the antenna has a VSWR<2 for the frequencies between
2.38GHz and 2.505GHz (Fig. 3.16). Looking to the radiation pattern shown in Fig. 3.17,
the beam is steered in two directions because of the limited space between the elements;
otherwise the beam is expected to steer in one direction. Antenna is a left-hand CPd with
the minimum AR of 0.8 dB at a frequency of 2.48 GHz in θ = -30 degrees and φ = -90
degrees direction (Fig. 3.18). The gain of the antenna in this direction is 6.5 dB.
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Table 3.3: Radiation characteristics of the two-element array cross slot antenna with differ-
ent slot width.
W (mm) F (GHz) BW (%) AR (dB) AR-BW (%) RG (dB)
2 2.48 5.02 0.8 0.48 6.5
1 2.42 1.65 1.5 0.33 4.86
 
Fig. 3.16: Return loss of the cross slot antenna array.
 
Fig. 3.17: 3-D radiation pattern of the cross slot antenna array.
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Fig. 3.18: AR of the cross slot antenna array.
3.4.2 Fabrication Procedure and Results
The first prototype of 2mm-width slot array antenna showed a frequency shift to the
frequency band between 2.51 GHz and 2.57 GHz. Therefore, we fabricated the second
prototype using plastic bolts and nuts (Fig. 3.19). This antenna has a VSWR<2 for the
frequencies between 2.418GHz and 2.58GHz. Measured return loss and simulated return
loss of the array are compared in Fig. 3.20. The results of the measured radiation pattern
of the antenna shows that the antenna has a steered beam with maximum radiation gain of
6.38 dB at a frequency of 2.56GHz at θ = -14 degrees; however, the gain of the antenna at
θ = -21 degrees is very close to the maximum radiation gain. The measured co-polar and
cross-polar components of the radiation pattern in the E-plane (Fig. 3.21) and co-polar and
cross-polar components of the radiation pattern in the H-plane (Fig. 3.22) show the AR at
θ = -14 degrees is 8.6 dB and at θ = -21 degrees is 6.9 dB. The difference between the
simulation and fabrication results is due to the precision of the fabrication, which has caused
the frequency shift in the fabricated prototype. The antenna array compared to the single
antenna is more complex in its structure and requires more precision in its fabrication.
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Fig. 3.19: Fabricated cross slot antenna array.
 
Simulation    
Measurement 
Fig. 3.20: Simulated and measured return loss of the cross slot antenna array.
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Co-Polar                                          Cross-Polar 
Fig. 3.21: Measured co-polar and cross-polar components of the radiation pattern of the
array in E-plane at 2.56GHz.
  
Co-Polar                                          Cross-Polar 
Fig. 3.22: Measured co-polar and cross-polar components of the radiation pattern of the
array in H-plane at 2.56GHz.
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Chapter 4
Design and Fabrication of Circularly Polarized Patch
Antenna
4.1 Introduction
A microstrip patch is a very common and fitting type of antenna where a low-profile,
easy-to-integrate, easy-to-install, and versatile polarized radiation antenna is needed [2].
The patch antenna is a metallic strip placed above the ground plane or usually etched on a
dielectric substrate [2]. It can be designed in various shapes, but rectangular patches are the
most common configurations. The resonant frequency of the rectangular patch is determined
by its length, which is less than a half wavelength [2]. Part of the patch antenna’s electric
field spreads and closes its path to the ground plane through the edges’ fringe, and this makes
the electrical length of the patch to be less than its physical length. Microstrip line, coaxial
probe, aperture coupling, and proximity coupling are four common feeding methods for
exciting the patch antennas [2]. One of the most desired characteristics of the patch antenna
is achieving the CPd radiation by creating a asymmetry on the patch or truncating the edges
while the antenna is fed with a single coaxial probe [25–27]. Despite mentioned advantages
of patch antennas, a narrow impedance bandwidth (which is a fraction of a percent or at
most a few percent) can be a drawback for using these antennas [2]. However, there are
many applications which do not need wide bandwidth, and therefore patch antennas are
appropriate choices to be used. In this chapter we discuss and compare the measurement
results of a fabricated square patch antenna fed with a coaxial probe against the results of
a commercial patch antenna. We also will compare the performance of the patch antenna
with the slot antenna discussed in the previous chapter.
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4.2 Design and Simulation Results
We were asked by the Space Dynamics Lab [28] to design a CPd antenna on a ground
plane of 80.01 mm × 80.01 mm to resonate at a frequency in the frequency band between
2.4GHz and 2.4835GHz. SDL has purchased a commercial patch antenna before and we
decided to design a patch and compare it with the commercial one and with the designed
cavity-backed cross slot antenna to see which one performs better. We designed a 31.9mm
square patch on a RO4003C dielectric substrate with the dielectric constant of 3.55, loss
tangent of 0.0027 and thickness of 1.524mm. We used 50 Ω coaxial probe to feed the patch
at the position of 5.75 mm and 0.5 mm off the center in the X-direction and Y-direction,
respectively. We truncated two corners of the patch by two equilateral triangles with sides
of 2.85 mm for the CP purpose (Fig. 4.1). By truncation, the antenna would have two
different lengths in two perpendicular sides and two orthogonal TM10 and TM01 modes of
excitation. We can control the phase difference between two modes by adjusting the lengths
of the truncated corners such that two resonant frequencies get close to each other, which
causes the impedance bandwidth to get wider while one mode is excited at 90 degrees phase
delay with respect to the other mode. Simulation results show that the antenna has the
return loss of better than −10 dB for the frequencies between 2.398 GHz and 2.461 GHz
(Fig. 4.2) and has the lowest AR value of 0.8 dB at 2.43 GHz (Fig. 4.3). The maximum
radiation gain at this frequency is 7.07 dB ( Fig. 4.4).
 
Fig. 4.1: CPd patch antenna.
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Fig. 4.2: Return loss of the patch antenna.
 
Fig. 4.3: AR of the patch antenna.
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Fig. 4.4: 3-D radiation pattern of the patch antenna.
4.3 Fabrication and Measurement Results
We fabricated the patch antenna by using the circuit board milling machine and we
measured its radiation pattern in the anechoic chamber. The antenna shown in Fig. 4.5
has a VSWR<2 for the frequencies between 2.4 GHz and 2.46 GHz, which is equivalent
to the 2.47% fractional impedance bandwidth. For better comparison, both measured and
simulated return loss are shown in Fig. 4.6. The measured co-polar and cross-polar com-
ponents of the radiation pattern in the E-plane (Fig. 4.7) and H-plane (Fig. 4.8) show that
the antenna is a left hand CPd with a minimum AR value of 0.9 dB at a frequency of
2.425GHz. The antenna has 6.91 dB gain at this frequency. These results show that there
is a very good agreement between simulation and the fabricated prototype.
The commercial patch antenna shown in Fig. 4.9 has a thick dielectric substrate with
6.35mm thickness; however, the dielectric material is manufacturer’s proprietary informa-
tion. The measured return loss shows that the antenna has a VSWR<2 for the frequencies
between 2.436 GHz and 2.51 GHz, which is equivalent to the 2.9% fractional impedance
bandwidth (Fig. 4.10). The commercial patch has a wider impedance bandwidth compared
to our designed patch and this is because of the larger substrate thickness of the commercial
patch antenna. We measured the radiation pattern of the commercial patch for all frequen-
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Fig. 4.5: Fabricated patch antenna.
 
 
 
 
 
 
 
Simulation              
Measurement 
Fig. 4.6: Simulated and measured return loss of the patch antenna.
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Co-Polar                                          Cross-Polar 
Fig. 4.7: Co-polar and cross-polar components of the patch antenna’s radiation pattern in
E-plane at 2.425GHz.
  
Co-Polar                                          Cross-Polar 
Fig. 4.8: Co-polar and cross-polar components of the patch antenna’s radiation pattern in
H-plane at 2.425GHz.
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cies of its frequency bandwidth to find its AR value and gain. From the results shown in
Table 4.1, we can see that the lowest AR value of the antenna is 3.61 dB at a frequency of
2.48GHz. These AR values indicate that the commercial patch antenna is not a good CPd
radiator. For better visualization of the radiation pattern of the antenna, the co-polar and
cross-polar components of the radiation pattern in the E-plane and H-plane at a frequency
of 2.48GHz are shown in Fig. 4.11 and Fig. 4.12, respectively.
 
Fig. 4.9: Commercial patch antenna.
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Fig. 4.10: Return loss of the commercial patch antenna.
Table 4.1: Radiation gain and AR values of the commercial patch antenna for various
frequencies.
Frequency (GHz) Gain (dB) AR (dB)
2.45 6.184 5.4
2.46 6.302 4.4
2.465 6.594 4.09
2.4675 6.543 3.89
2.47 6.579 3.74
2.48 6.93 3.61
2.49 7.2 3.79
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Fig. 4.11: Co-polar and cross-polar components of the commercial patch antenna’s radiation
pattern in E-plane at 2.48GHz.
 
Fig. 4.12: Co-polar and cross-polar components of the commercial patch antenna’s radiation
pattern in H-plane at 2.48GHz.
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4.4 Patch Antenna Versus Cavity-Backed Cross Slot Antenna
4.4.1 Coaxial Probe-Fed Patch Antenna Versus Coaxial Probe-Fed Cavity-
Backed Cross Slot Antenna
To make a valid comparison between performances of the patch antenna and the de-
signed probe-fed cross slot antenna in the previous chapter, we also designed another square
patch antenna identical to the one mentioned in the previous sections but on a different
ground size of 100 mm × 100 mm. Both antennas’ fractional bandwidth and gain are
compared in Table 4.2. It is clear that the patch has larger impedance bandwidth, AR
bandwidth, and higher gain.
4.4.2 Coaxial Probe-Fed Patch Antenna Versus Stripline-Fed Cavity-Backed
Cross Slot Antenna
We made another comparison between the patch and the cross slot regardless of their
feeding methods. We only considered them as two different CPd antennas working at almost
the same frequency band. Both antennas have the same ground size of 100mm× 100mm
and slot width of 1 mm. Looking to the results in Table 4.3, again it is obvious that the
patch has higher gain, larger impedance bandwidth and AR bandwidth.
Table 4.2: Comparison between radiation characteristics of the coaxial probe-fed patch and
the coaxial probe-fed cavity-backed cross slot antennas.
Antenna Impedance bandwidth (%) AR bandwidth(%) Gain (dB)
Patch 4.69 1.11 7.26
Cross slot 1.53 0.32 6.41
Table 4.3: Comparison between radiation characteristics of the coaxial probe-fed patch and
stripline-fed cavity-backed cross slot antennas.
Antenna Impedance bandwidth (%) AR bandwidth(%) Gain (dB)
Patch 4.69 1.11 7.26
Cross slot 2.4 0.6 5.82
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4.4.3 Fabricated Patch Antenna Versus Fabricated Cavity-Backed Cross Slot
Antenna
When comparing measured results of the fabricated patch and fabricated cross slot
antennas shown in Table 4.4, we conclude that although the slot has lower gain compared
to the patch, it has wider bandwidth. However, narrower bandwidth of the patch can be
referred to its thinner dielectric substrate and smaller ground plane.
Despite the observed superior performance of the patch antenna over the slot antenna,
the main disadvantage of the use of the patch antenna for the CubeSat is that the patch
competes for surface area, and this requires us to compromise between the use of the patch
and slot antennas for the limited surface area.
Table 4.4: Comparison between radiation characteristics of the fabricated patch and fabri-
cated cavity-backed cross slot antennas.
Antenna Impedance bandwidth (%) Minimum AR(dB) Gain (dB)
Patch 2.47 0.9 6.91
Cross slot 2.59 1.6 5.5
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Chapter 5
An Initial Study on High-Gain, Circularly Polarized UHF
Slot Antenna
5.1 Introduction
The UHF band in most nations is designated to communication categories like terres-
trial television, TV channels, terrestrial radio, and mobile radio service. For UHF band,
antenna geometries commonly used are dipole, Yagi-Uda, and loop. These antennas have
good performance, however often time come with large sizes. For terrestrial reception usu-
ally there is no constraint for antenna sizes. But when used on the satellites, especially small
satellites to reduce mission payloads, the large antenna sizes become an issue. It should be
noted that the UHF frequency band have been used in various applications such as monitor-
ing space weather, and there are lots of requirements for trasmission power, polarizations,
and bandwidths. Trying to satistfy all those requirements while reducing the size of anten-
nas can be challenging. In particular, trying to accommodate all those requirements, size
reduction, and having the antenna conformal to solar panel to eliminate expensive deployed
mechanism casts extra challenge. The purpose of this chapter is to present some feasibility
study of conformal integrated solar panel antennas with high gain and circular polarization
for CubeSats.
5.2 Material Selection
All the UHF band slot antennas on the 3U CubeSat have small surface area compared
to the antenna size, which increases the electrical current loss and as a result decreases the
antenna efficiency. Therefore, we looked for a dielectric with a very small dielectric loss
tangent and a moderate dielectric constant. Considering all these, we chose fused quartz
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with the relative permittivity of 3.78 and loss tangent of 0.0004 at a frequency of 1 MHz
for the dielectric of the antennas in the simulations.
5.3 Simple Slot Antenna
We initially designed a simple slot antenna which is fitted on a 300 mm × 100 mm
surface area to ascertain the resonant frequency and the gain. We placed a 280mm×2mm
slot on the ground and fed by a single stripline placed between two dielectric substrates,
each of a 2 mm thickness. We expected this slot on the selected dielectric to resonate at
a frequency around 275 MHz, but this antenna on the 3U CubeSat ground size resonates
at 672 MHz with 5 dB gain. This is because of the limited surface area compared to the
antenna size, which does not let the electric current circulate around the slot freely. The
antenna, return loss and 3-D radiation pattern are shown in Fig. 5.1, Fig. 5.2, Fig. 5.3,
respectively.
5.4 Rectangular-Shaped Slot Antenna on 3U CubeSat
We calculated the required size of the rectangular slot to have a resonant frequency
around 350MHz. For the rectangular- and square-shaped slot antennas the circumference
of the slot should be around one wavelength. Thus, for a frequency around 350 MHz at
the free space, the perimeter of the rectangular slot should be around 857 mm and on a
substrate with a dielectric constant of 3.78, it will be decreased by the effective dielectric
constant. A 225mm× 90mm rectangular-shaped slot antenna with 2mm width (Fig. 5.4)
was chosen; having a total perimeter of 630 mm, it resonates at a frequency of 351 MHz
and has the maximum gain of 4.3 dB (Fig. 5.5). Looking at the input impedance of the
antenna (Fig. 5.6), it exhibits 170 Ω impedance. Using a passive matching circuit or active
integration with an amplifier can transform it to the standard 50 − Ω systems [29]. If we
divide 857 by 630 we reach 1.85 as the effective dielectric constant, which is less than what
it should be. The effective dielectric constant is expected to be close to the fused quartz
relative permittivity of 3.78 since we use the stripline feed to excite the antenna. Again we
have to conclude that it is due to the limited ground size compared to the size of antenna.
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Fig. 5.1: Front view of the simple slot antenna.
 
Fig. 5.2: Return loss of the simple slot antenna.
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Fig. 5.3: Radiation gain of the simple slot antenna.
 
Fig. 5.4: Front view of the rectangular slot antenna.
Although with one rectangular slot we can have resonance at 350 MHz, this antenna
cannot be a CPd radiator. The difference between the co-polar and cross-polar shown in
Fig. 5.7 is more than 37 dB, which indicates that this antenna produces linear polarized
waves. Since we were looking for an antenna to be used for communication through space,
CP is a required characteristic for the antenna. Therefore we considered other designs.
5.5 Miniaturization
Demand for applying miniaturization techniques has stemmed from the need for power-
efficient designs, cost-efficient designs, mobile and portable communication devices with
limited allowable surface area for the antenna, and antennas that work in the VHF or
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Fig. 5.5: Radiation gain of the rectangular slot antenna.
 
Fig. 5.6: Input impedance of the rectangular slot antenna.
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Fig. 5.7: Co-polar and cross-polar directivity components of the rectangular slot antenna.
UHF band. Study on the topic of antenna miniaturization has a relatively long history.
Fundamental limitations of the small antenna are enumerated by Wheeler [8] and Chu [15].
Wheeler states that the small antenna is an antenna whose maximum dimension is less
than a 12pi wavelength. Chu used an arbitrary, small omnidirectional antenna in a sphere
and an equivalent circuit model and derived the Q factor, which is the ratio of the stored
energy to the radiated power. He showed that the calculated Q is a function of the radius
of the sphere or the largest dimension of the antenna and interpreted it as a reciprocal of
the fractional bandwidth. Harrington, Wheeler, Collin, and Hansen followed with studies
on the topic of the limitations of small antennas [9,30–32]. Harrington has shown that the
gain of a small antennas is bounded and expressed by (5.1):
G = (ka)2 + (ka) , (5.1)
47
where k is 2piλ (radians/meter) and a is the radius of the sphere enclosing the maximum di-
mension of the antenna (meter). From all these studies, one can conclude that the smaller
the maximum dimension of an antenna, the higher its Q, which has an inverse relation
with bandwidth, meaning a lower bandwidth. So a trade-off between an antenna’s radia-
tion characteristics such as impedance bandwidth, efficiency, radiation gain, and antenna
dimension is inevitable.
The miniaturization usually is achievable through two methods: by use of a dielectric
with high permittivity material for the antenna [33] and by use of a special antenna [10,
11,13,34]. An antenna can have a reasonable impedance bandwidth when a dielectric with
a high permittivity constant is used for the antenna size reduction [33]. Generally, using
a high permittivity dielectric has the disadvantage of causing low-efficiency radiation due
to the high impedance difference between the dielectric and air surrounding the antenna,
which causes most of the electromagnetic energy to be trapped in the near field [35]. Also,
the impedance matching of the antenna is more difficult in a high permittivity dielectric
because it has low characteristic impedance. One way to improve the far field radiation when
high permittivity material is used for the antenna dielectric is externally perforating the
substrate by cutting an array of small holes in it. This decreases the effective permittivity
but does not decrease the impedance bandwidth [36]. However, the position of the holes in
the substrate can affect the radiation pattern.
Some studies about the use of the special antenna topology as the other miniaturization
method have been done and a brief review of them follows. Given an understanding of
the form of the magnetic current distribution on the slot and its boundary conditions in
conjunction with the Maxwell’s equations, the slot antenna is terminated with two series
inductances which can satisfy the boundary conditions [13]. To make the antenna more
compact, the inductor parts are in the form of coiled slot lines, and as a result the overall
antenna dimension is about 0.05λ×0.05λ. However, because the current density is increased
on the smaller area of the dielectric, it faces more ohmic loss, and as a result the antenna
efficiency and gain are all reduced by compacting the antenna. Also as mentioned previously,
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the decrease in antenna size decreases the impedance bandwidth as well.
Placing the array of short circuited narrow slot-lines as a series of inductances vertical
to the main slot as another technique for antenna miniaturization has been studied previ-
ously [10]. These perpendicular slits force the parallel component of the electric current to
circulate around them. Therefore, this current, which determines the resonant frequency,
traverses a longer path and as a result frequency decreases.
For a cavity-backed slot antenna, Hong etal. have presented a method for size reduction
of the ground [11]. The metallic ground is replaced by parallel metal strips; these strips allow
the perpendicular component of the electric currents to the slot to circulate. Eventually the
straight strips were replaced by some meandered strips, reducing the size of the antenna.
However, the drawback of this method is that decreasing the number of strips reduces
efficiency and bandwidth because strips are paths for currents and the limited number of
paths does not allow the currents to radiate efficiently.
One improving method for the impedance bandwidth of the miniaturized slot antenna
has been discussed by Behdad and Sarabandi [10]. By using mutual coupling between
two similar miniaturized slot antennas that are placed close to each other to create double
resonant frequencies, the bandwidth of the structure is improved compared to one single
antenna.
First and second iterations of Sierpinsky space-filling curves and Minkowski fractal
slot antennas are proposed and compared by Moselhy and Ghali [34]. It is concluded that
although by increasing the iteration of these two types of antennas they would be more
compact, due to the higher coupling between slot parts the impedance bandwidth and gain
are decreased.
By creating a fictitious short circuit and open circuit, it is possible to reduce the half
wavelength slot antenna to the quarter wavelength slot antenna for further miniaturizing
the antenna [12]. The idea of creating an open circuit at one end comes from the fact that
a quarter wavelength spiral slot antenna shorted at one end acts like an open. It is noted
that spiral slot antenna is not an efficient radiator because opposing equivalent magnetic
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currents contribute to far field radiation and they tend to cancel each other.
Presented here are some general observations about the radiation characteristics of the
miniaturized antennas. First is the limited impedance bandwidth, which was mentioned
before. The other observation is bounded gain [30]. In a finite ground plane, because
the magnetic currents in the upper and lower sides of the ground plane are in opposite
directions, by decreasing the ground plane size, gain decreases as well; however, because of
the presence of the dielectric, perfect cancelation does not occur [12]. In an infinite ground
plane these upper and lower magnetic currents are decoupled. Also, back radiation is higher
for the antenna on the smaller ground. Antenna efficiency can be a function of the size of
the ground plane and the width of the slot [12]. By decreasing the ground size as mentioned
before, the electric currents’ density goes up, and as a consequence ohmic loss increases,
which causes lower antenna efficiency. By narrowing the slot, the density of the parallel
component of the electric currents near the edge of the slot increases; thus, the ohmic loss
for this component goes up [12]. The other constraint about miniaturized antennas is their
polarization [13]. When the size of the antenna compared to a wavelength is very small,
the polarization is linear because phase shift between two perpendicular components of the
magnetic current cannot be achieved.
Following the above literature review about miniaturization techniques and their inher-
ent limitations, two different miniaturized structures mentioned above are presented below.
Their results are in agreement with those aforementioned observations.
5.6 Miniaturized Slot Antennas
5.6.1 Spiral Slot Antenna
The first structure is similar to the Alford slot antenna with extended wings, or, one
can say, it is similar to the four-arm spiral slot antenna. This antenna occupies a total space
of 92mm× 94mm and is fed with an L-shaped stripline feed. To have a better view of the
antenna, its 3-D view on the 3U satellite is shown in Fig. 5.8. This antenna is placed on
less than one third of a 3U cube surface area and resonates near a frequency of 359 MHz
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(Fig. 5.9), but as expected, the efficiency is as low as 42% and the maximum gain is as
low as 0.04 dB (Fig. 5.10). The other drawback for the use of this antenna for a space
communication application is its linear polarized radiation, which as mentioned before, it
is a characteristic of the miniaturized class.
 
Fig. 5.8: Spiral slot antenna on 3U CubeSat.
 
Fig. 5.9: Return loss of the spiral slot antenna.
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Fig. 5.10: 3-D radiation pattern of the spiral slot antenna.
5.6.2 Fractal Slot Antenna
The other antenna topology studied is a fractal shape slot antenna. Two fused quartz
substrates each with 4 mm thickness were chosen for the antenna, and one stripline feed
was placed between two substrates to feed the antenna. The total substrate thickness is
8 mm in order to cause further size reduction. The overall size of the rectangular space
occupied by this antenna is 112 mm × 114 mm. 112 mm is larger than one dimension of
the 3U CubeSat and it is acceptable because all dimensions of the satellite can have small
tolerance. If we place a simple rectangular slot antenna on this space, it radiates near a
frequency of 480 MHz. By adding some meander parts to increase the slot length and to
make some parts of the antenna be further from the edges as is shown in Fig. 5.11, we
reach a resonant frequency of 379 MHz (Fig. 5.12) with 3.9 dB gain (Fig. 5.13) and the
fractional impedance bandwidth of 0.08%. We reduced the frequency by 100 MHz while
the reduction in the antenna radiation gain was only around 1 dB. Simulations show that
the efficiency is deteriorated by 6%.
5.6.3 Fractal Slot Antenna Array
We placed a two-element array of fractal shape slot antennas (Fig. 5.14) to see whether
we could improve the antenna specifications, but we do not expect much improvement
because there is limited space between the elements. When the distance between two
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Fig. 5.11: Fractal slot antenna on 3U CubeSat.
 
Fig. 5.12: Return loss of the fractal slot antenna.
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Fig. 5.13: 3-D radiation pattern of the fractal slot antenna.
antennas is 130mm, the resonant frequency decreases to 362 MHz, and bandwidth and
gain would reduce as well to values even less than those of a single antenna. If we increase
this distance to 140mm, the resonant frequency increases to 364MHz and the gain improves
by just less than 0.1 dB.
It is expected that by further increasing the distance between two elements, the fre-
quency increases to the frequency of a single antenna. Also, radiation gain and bandwidth
can be improved to some extent, but 140mm distance is almost the largest possible distance
between two elements because it is not efficient to place the elements near the edges as it
destroys the currents distribution. The polarization of the antenna as expected is linear and
the difference between co-polar and cross-polar components at the direction of maximum
radiation is more than 40 dB.
5.7 Design Procedure of the Circularly Polarized Slot Antenna for the First
Posture of 3U CubeSat in Orbit
To achieve the CP, the vertical and horizontal components of the electric field should
have the same strength while one component leads the other component by one quarter
of a wave length. For this condition either we have to use two individual linear polarized
antennas where each of them can produce an electric field in a direction perpendicular to
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Fig. 5.14: Fractal slot array antenna.
the other antenna’s electric field and with the same strength or use the special topologies
like square- or circular-shape antennas. If, for example the rectangular shape is used, the
manner of feeding should excite the antenna such that the magnitude of the currents on
each side be proportional to the length of that side [2]. For the first posture of the satellite
toward the earth (Fig. 5.15), we placed a square slot antenna with total length of 432mm
fed by a stripline. This antenna resonates at a frequency of 407 MHz with 5 dB gain and
88% efficiency at this frequency. Looking to the horizontal and vertical components of the
directivity (Fig. 5.16), we noticed that the difference is more than 24dB and the polarization
of the antenna is linear at phi = 40 degrees. We guessed that by adding another stripline
feed to excite one of the perpendicular sides and making a 90 degree phase shift between
the two feeds, CP could be achieved. When we added the second feed with a 90 degree
phase shift (Fig. 5.17), the resonant frequency dropped to 400 MHz with 5 dB AR. This
AR value shows we can improve it to even less than 3dB by some modifications, but before
that we thought about how we could improve the gain and reduce the frequency.
55
 
 
 
 
 
 
 
 
 
 
 
 
  
Fig. 5.15: Square slot antenna on the 3U CubeSat (earth image from www.csufresno.edu).
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Co-Polar                                          Cross-Polar 
Fig. 5.16: Radiation pattern of the square slot antenna on the 3U CubeSat.
 
Fig. 5.17: Square slot antenna excited with two striplines in two sides.
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5.7.1 Frequency Reduction and Gain Enhancement by Adding Parasitic Square
Slots
Similarly to the Yagi-Uda antenna, which has some directive and reflective dipoles, we
considered adding another slot to act as a reflector. We placed one square slot antenna
at 130 mm (around one sixth of a wavelength) above the main square slot antenna with
no excitation for it (Fig. 5.18). Because of the small distance between main slot and the
parasitic slot, current distribution changes such that it seems the effective slot antenna
length is increased and as a result the frequency is reduced to 381 MHz. Also, radiation
gain increases slightly to 5.13 dB with 83% radiation efficiency. We increased the distance
between the main slot and the parasitic slot to 170 mm, less than a quarter wavelength,
to see how it would affect the antenna performance. Simulation shows the frequency is
reduced by 1 MHz to 380 MHz, and we can say that moving the parasitic slot further
away almost does not change the resonant frequency but gain and antenna efficiency are
enhanced to 5.34dB and 87%, respectively. If we increase the distance to 180mm, although
the frequency again drops by 1MHz to 379MHz the antenna radiation gain decreases to
4.56dB, and we can say that 170mm is the optimum distance between the antenna and one
parasitic slot. For additional clarification, these mentioned values are shown in Table 5.1.
 
Fig. 5.18: Square slot antenna with one parasitic square slot.
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Then we added one more parasitic slot to see whether it could make an improvement
(Fig. 5.19). By performing some individual simulations we found out that adding one more
parasitic can improve the gain and even AR when we excite the antenna with two stripline
feeds. Also, it helps us to reduce the resonant frequency but it should not be too close to the
first parasitic. Therefore, we would need some optimizations to choose the right positions
for the slots after we reach our target resonant frequency.
Table 5.1: Effect of the parasitic square slot at different distances to the main square slot
antenna.
Case Resonant frequency (MHz) Gain (dB) Efficiency (%)
No parasitic 407 5 88
One parasitic in 130mm 381 5.13 83
One parasitic in 170mm 380 5.34 87
One parasitic in 180mm 379 4.56 92
 
Fig. 5.19: Square slot antenna with two parasitic square slots.
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5.7.2 Gain Enhancement with Built in Structure Metal Reflectors
One way to increase the antenna gain can be built-in metal wings working as reflectors
for the antenna. It means that after the satellite reaches orbit, these metal reflectors pop
up as shown in Fig. 5.20.
We performed some simulations to study the effect of the reflector’s size on the radiation
gain. The results are compared in Table 5.2 and they explicitly show that the optimum size
of the reflector to achieve the maximum radiation gain is 100mm.
 
Fig. 5.20: Metal reflectors on the 3U CubeSat.
Table 5.2: Effect of the reflector’s size on the antenna’s radiation characteristics.
Reflector’s size (mm) Resonant frequency (MHz) Gain (dB) AR (dB)
80 378.4 7.17 1.72
100 378.2 7.7 1.4
130 378.1 7.4 0.7
300 378.4 6.76 1.12
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5.7.3 Final Antenna Geometry for Target Frequency
For additional frequency reduction we increased the length of the slot antenna by adding
eight extra lines totaling 264mm to the square antenna on four sides (Fig. 5.21). Therefore,
the total length of the slot antenna was 695mm. After optimizing the distance between the
main slot and two parasitic slots, we placed the first and second parasitic slots 120mm and
180mm away from the main slot, respectively. Both stripline feeds placed on perpendicular
sides have 80mm length and 1mm width and are matched to the 50 Ω coaxial cable. This
new meandered slot antenna resonates at a frequency of 352MHz with 4 dB gain and 88%
efficiency at this frequency. The return loss of the antenna is shown in Fig. 5.22. Currents
in opposite directions which circulate around these counterpart lines are responsible for the
gain reduction. The AR at this resonant frequency is 1.8 dB (Fig. 5.23).
 
Fig. 5.21: CPd meandered square slot antenna on the 3U CubeSat.
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Fig. 5.22: Return loss of the meandered square slot antenna on the 3U CubeSat.
 
Fig. 5.23: AR of the meandered square slot antenna on the 3U CubeSat.
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We can better understand the effect of the second parasitic slot by removing one of the
parasitic slots. The results show the frequency, gain and AR all increase to 359MHz, 4.27dB
and 8.4 dB, respectively. However, if the AR were our main concern and to decrease the
frequency we were to increase the length of the meandered slot, the gain would be reduced
from 4.27 dB. So the importance of the second parasitic slot is clear. The comparison is
shown in Table 5.3. Final structure of the antenna shown in Fig. 5.24 has four reflectors,
each with size of 100 mm. The antenna resonates at a frequency of 352 MHz with the
radiation gain of 6.8 dB and AR of 1.8 dB.
5.8 Design Procedure of the Circularly Polarized Slot Antenna for the Second
Posture of the 3U CubeSat in Orbit
For the second pose of the 3U CubeSat in orbit aimed toward the earth shown in
Fig. 5.25, to design a slot antenna working around a frequency of 350 MHz with CPd
radiation as the main concern, we thought about two different antenna topologies, each of
which is linearly polarized but the overall structure radiates CPd waves.
5.8.1 Meandered Rectangular Slot Antenna on 3U CubeSat
We picked a rectangular slot as one of the linearly polarized antennas. We used two
fused quartz substrates with a total thickness of 8mm for the antenna dielectric and excited
it with a stripline feed placed between two substrates. In one of the previous sections we
stated that the size of the rectangular slot antenna for this frequency should be 90 mm ×
225mm. This size occupies a large area on the satellite and if we place another antenna on
the CubeSat, the small distance between the two antennas disfigures the natural current
distribution around each of the antennas and the resulting radiation pattern. Therefore,
we miniaturized it by increasing the dielectric thickness to a total of 8 mm and by adding
some meander parts to the slot antenna to occupy a 145mm× 90mm area (Fig. 5.26).
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Table 5.3: Effect of the number of the parasitic slot on the meandered square slot antenna’s
radiation characteristics.
Case Resonant frequency (MHz) Gain (dB) AR (dB)
Two parasitic slots 352 4 1.8
One parasitic slot 359 4.27 8.4
 
 
 
 
 
 
 
 
 
 
 
 
  
Fig. 5.24: Final structure of the CPd slot antenna on the 3U CubeSat.
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Fig. 5.25: Second pose of the 3U CubeSat in orbit toward the earth.
To match this antenna with the 50−Ω coaxial cable, it is fed with a stripline designed
to have two parts. The first part, attached to the port, has 45mm length and 2mm width
and then it is extended by narrower part with a length of 20 mm and width of 1 mm.
This antenna resonates at a frequency of 352MHz. Looking at the vertical and horizontal
directivity components shown in Fig. 5.27, one can notice that the value of the horizontal
directivity component (phi-component) is around 30 dB more than the vertical directivity
component (theta-component) at the maximum radiation direction (θ = 90 degrees and
φ = 270 degrees) which is a direction toward the earth; it means this antenna is linearly
polarized.
Now if we design the second antenna in which the maximum value of its radiation
component in the theta plane will be equal to the maximum value of the first antenna’s
radiation pattern in the phi plane while they have a 90 degree phase shift, the resulting
waves should be CPd waves.
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Fig. 5.26: Front view of the meandered rectangular slot antenna.
  
Co-Polar                                          Cross-Polar 
Fig. 5.27: Radiation pattern of the meandered rectangular slot antenna on the 3U CubeSat
at its resonant frequency.
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5.8.2 Horseshoe-Shaped Slot Antenna on the 3U CubeSat
Shown in Fig. 5.28, we designed a horseshoe-shaped slot antenna on three sides near
one end of the satellite to find its resonant frequency. Similar to what we used for the first
antenna, again we used two fused quartz substrates with a total thickness of 8 mm and
excited the antenna with a wave port on the satellite’s surface which faces toward the earth
to have its maximum radiation in this direction. This antenna resonates at a frequency of
475MHz.
To reduce the resonant frequency we increased the antenna length by adding two ex-
tra symmetric slots perpendicular to the horseshoe shape on two opposite lateral sides
(Fig. 5.29). These slots are vertical to the main slot and they simply force the electric
currents to circulate around them to reduce the frequency and they do not significantly
reduce the radiation gain. To excite this new antenna we used a stripline feed between two
dielectric substrates. The total length of the antenna with the inclusion of two additional
slots of 110mm length each, is 695mm, and it resonates at a frequency of 350MHz with
a maximum radiation gain of 3.47 dB. If we look at the directivity components at the
resonant frequency shown in Fig. 5.30, one can easily find that the slot antenna is linearly
polarized and the value of the vertical component (theta component) is more than the hor-
izontal component (phi component). The fractional impedance bandwidth is 0.57% and it
is observed that if we decrease the dielectric thickness to half of what it is now, to have the
same resonant frequency we have to increase the slot length by 30mm. Also a reduction in
dielectric thickness decreases the fractional impedance bandwidth to 0.28%.
Now we expect that if we combine two antennas on one satellite and excite them with
a 90 degree phase shift, we achieve CPd radiation. We know that the distance between two
antennas has an effect on the resonant frequency and the value of the AR. We also expect
the coupling between two antennas to reduce the overall radiation gain.
5.8.3 Combining Two Linear Polarized Slot Antennas to Achieve the Circu-
larly Polarized Radiation
We placed two antennas on the satellite’s surface, each one as much as possible near
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Fig. 5.28: Horseshoe-shaped slot antenna on the 3U CubeSat.
the opposite end (Fig. 5.31). The least distance between the two antennas is 109 mm.
Because of the coupling effect between the antennas, to reach a resonant frequency near
350 MHz, the horseshoe-shaped antenna length can be decreased by 54 mm to 641 mm.
Due to the coupling between both antennas we should again adjust their stripline feeds
to match each antenna with the 50 − Ω coaxial cable. The feed of the horseshoe-shaped
slot has 70 mm length and 1 mm width, and the feed of the meandered rectangular slot
consists of two parts: the first part, which is attached to the port, has 80 mm length and
2mm width and the second part as a continuation of the first part has 15mm length and
4 mm width. Both antennas resonate at the center frequency of 353.1 MHz with 97%
radiation efficiency and 2.47 dB gain at φ = 270 degrees and θ = 90 degrees, which is in
the direction toward the earth. Both antennas have more than 10 dB return loss in the
frequency band of 352.7 MHz to 353.5 MHZ. The meandered rectangular slot antenna
return loss and the horseshoe-shaped slot antenna’s return loss are shown in Fig. 5.32 and
Fig. 5.33, respectively.
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Fig. 5.29: Increased length of the horseshoe-shaped slot antenna with two extra slots on
the 3U CubeSat.
 
Cross-Polar                                          Co-Polar 
Fig. 5.30: Radiation pattern of the horseshoe-shaped antenna on the 3U CubeSat at its
resonant frequency.
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Fig. 5.31: Two different slot antennas on the 3U CubeSat radiating toward earth.
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Fig. 5.32: Meandered rectangular slot antenna return loss.
 
Fig. 5.33: Horseshoe-shaped slot antenna return loss.
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5.8.4 Circular Polarization Technique
By exciting both antennas with equal power and a 90 degree phase shift, the lowest AR
value in the frequency band was 4 dB, so we expected that if we excite them with different
power levels, we may achieve the AR better than 3 dB. In simulation we can simply set
different values for the sources, but for the fabrication design we can use a power divider.
The minimum AR value is 0.8 dB if we excite the meandered rectangular shape antenna
with a double power level. The reason for using different power levels for excitation stems
from the difference between the dominant gain component of each antenna; the co-polar
component of the meandered rectangular shape is not as strong as the co-polar component
of the second antenna. By performing a couple of simulations, we reached the minimum
0.5 dB AR if we increased the 90 degree phase shift to a 100 degree phase shift. However,
with the 90 degree phase shift we still had good CPd radiation. The AR with a 90 degree
phase shift is shown in Fig. 5.34.
 
Fig. 5.34: AR of the combined slot antennas on the 3U CubeSat.
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Chapter 6
Summary and Future Work
In this research we first studied the effect of the ground size on the impedance band-
width and directivity of the slot antenna and we concluded that with the smaller ground
size, the antenna has less bandwidth and directivity. Also, we found that for the cavity-
backed slot antenna, the size of the cavity has a major effect on the resonant frequency,
bandwidth, and efficiency of the antenna. These results helped us better understand the
challenges we confronted later in the slot antenna miniaturization. The second part of our
work was about the design and fabrication of the CPd stripline-fed cavity-backed cross slot
antenna and its two-element array. The fabrication results of the single slot were very close
to the simulation results, but for the array antenna, fabrication results were not very close
to its simulation results due to the low accuracy of the fabricated prototype. We also com-
pared the performance of two feeding methods including the coaxial probe and stripline
feed for achieving CPd radiation. The other part of the research was designated to de-
scribe the design and fabrication of the CPd patch antenna with the specific dimensions to
compare its performance with a commercial patch antenna. The results confirmed that our
lab-design patch antenna had superior performance over the commercial one and was also
cheaper. In the last part of our work we faced the challenges of miniaturization techniques
for a slot antenna on the smaller ground plane compared to the antenna size. We designed
two high-gain CPd slot antenna structures working in the UHF band for a 3U CubeSat.
For future work, a power divider and phase shifter circuit can be designed for the second
UHF antenna structure. The designed UHF slot antennas can be fabricated with proper
facilities since their fabrications need high precision. Also, finding appropriate methods for
improving the radiation gain and impedance bandwidth of a miniaturized slot antenna can
be subjects of future studies.
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